(3) it was shown I that insulin caused an accumulation of free glucose in the isolated rat diaphragm when incubated in high concentrations of glucose or at low temperature. These findings were interpreted to show that insulin accelerated a step prior to the hexokinase reaction involving the transfer of glucose into the muscle tissue.
In this study we have obtained evidence that this effect of insulin is due more specmcally to the acceleration of glucose transport across the cell membrane of muscle. This action of insulin had been originally suggested by , who observed that insulin accelerated the rate at which certain nonmetabolizable isomers of glucose passed out of the extracellular water in eviscerated-nephrectomized dogs. In the present studies, it has been shown that insulin will cause a large accumulation of free glucose, or galactose, in muscle cells when rats are infused with these sugars. This accumulation is apparently due to more rapid transport across the cell membrane, since insulin does not stimulate the production or inhibit the utilization of these sugars within the cell. It is concluded, furthermore, that transport is the rate limiting step for glucose uptake by normal muscle. Acceleration of transport makes free glucose available in larger ambunts for phosphorylation by the hexokinase system and other subsequent metabolic steps. The transport process appears to be inhibited in alloxan diabetic muscle. Our studies suggest that insulin does not accelerate transport into the cells of brain tissue. The serum and tissues were prepared for analysis of the sugars as described previously (3). All glucose estimations were made by an enzymatic procedure (7, 3) using hexokinase and glucose-&phosphate dehydrogenase from yeast. In a number of cases the identity of the glucose was verified by paper chromatography before quantitative analysis. Galactose was identified and separated quantitatively by paper chromatography.
The sugar was developed on the paper with analine hydrogen phthalate (8) and the color was eluted with a solution of equal volumes of pyridine and water. The optical density at 350 rnp was found to be directly proportional to the quantity of galactose when corrected for the background color of the developer.
For this correction, a spot the same size as the galactose spot was cut out of an adjacent uncolored section of the paper, eluted and placed in the reference cell of the spectrophotometer.
Standards were chromatographed and assayed concurrently with the unknowns.
When IO samples containing measured quantities of glucose (m-100 pg) were analyzed by this procedure, the standard deviation of the amount estimated from the amount actually present was +I.S pg.
Calculations.
The glucose content of the tissue depends on the presence or absence of insulin as will be shown. It also depends, however, on the level of the blood serum glucose, since this determines to a large extent the glucose content of the vascular and interstitial water of the tissue. In order to demonstrate most clearly the action of insulin, the results have been expressed in a manner which minimizes the effect of differences in blood glucose level among the experimental animals.
For this purpose, the tissue glucose has been expressed as the ratio of the glucose concentration in the tissue to the concentration in the serum. This ratio indicates the extent to which the tissue glucose approaches the serum glucose concentration. The presumption that this ratio is independent of the absolute level of the blood sugar was supported by the finding in the control series that the ratio was constant within . .
Free Glucose Concentration, the limits of analytical error over a range of blood sugar levels from mg TO (tables I, z and 3). h these ratios, the glucose concentrations were calculated as glucose content divided by water content of the tissue. The water content of the serum was considered to be 94% of the volume, and the water of the muscle and brain was taken to be 76% of the weight (9). The concentration ratio, R, therefore, was given by the following expression : Effect of Insulin on the Free Glucose Content of Muscle in Eviscerated Rats. In these experiments rats were eviscerated in order to eliminate endogenous insulin secretion. They with or without insulin as described in table I. At the end of the infusion, which Iasted about 70 minutes, blood serum and muscle samples were taken as nearly simultaneously as possible for glucose analysis.
Insulin greatly accelerated glucose utilization by the eviscerated animal. This is indicated in table I by the relatively high glucose concentrations in the infusion that were necessary to maintain the blood glucose levels in the insulinized animals. The free glucose of the muscle in the control series rose at higher blood sugar levels. At all levels, however, the ratios of the concentration of glucose in the muscle to the concentration in the serum were low. These ratios were constant within the were then given a continuous infusion of glucose limits of analytical error over the entire range of blood glucose levels, averaging 0.10 for diaphragm, 0.18 for heart and 0.14 for gastrocnemius. In the insulinized series 3-5 times more free glucose was found in the diaphragm and heart at all blood glucose levels. The muscle to blood serum glucose concentration ratios were increased to average values of 0.49 for the diaphragm, 0.68 for the heart, and 0.21 for the gastrocnemius. Effect of Insulin on the Free Glucose Content of Muscle in Intact Rats. It was important to determine whether or not insulin would also cause an accumulation of free glucose in the muscle of intact rats, since evisceration might have induced extensive metabolic and circulatory abnormalities in the previous series. In the present series, therefore, (table 2) no evisceration was carried out prior to glucose infusion.
In the first group of experiments, shown in the upper panel, rats were injected with saline only since it was thought that glucose infusion would induce insulin secretion. It can be seen that the amount of free glucose in the tissues at normal blood serum glucose levels was very small and the concentration of glucose was low relative to the serum. The ratios were about the same as observed in the control, eviscerated rats.
In the second group of experiments, shown in the middle panel, glucose was infused without insulin. The serum glucose rose to levels which would be expected to cause insulin secretion by the pancreas. However, the ratios of tissue to serum glucose concentrations remained low under these conditions.
In the third group of experiments, shown in the bottom panel, glucose plus insulin was injected. Relatively large amounts of free glucose were now recovered in the heart and diaphragm. The glucose concentration in these tissues rose to about 0.50 of the serum level. These ratios were about the same as had been observed previously in the insulin-injected, eviscerated rats.
In comparing the second and third groups, it can be seen that glucose uptake was faster in the animals which received exogenous insulin. Thus, at comparable rates of glucose injection, these rats had much lower blood glucose levels. This suggests that the noninsulinized rats did not secrete sufficient insulin to obtain the full effect of the hormone. This may account for the lack of free glucose accumulation in the muscle, as will be discussed later.
Effect of Insulin on the Free Glucose Content of Muscle in Alloxan Diabetic Rats. These AND IL. H. JOHNSON Rats were infused intravenously with and without insulin for I hr. as described in table I. Control animals were infused with o.g% NaCl only. The insulin-injected rats received saline plus glucose. No evisceration was done.
* These percentage ratios are corrected for the protein content of the tissues and blood serum. t Standard error of the mean. The ratios for the control and insulinized series are significantly different (P = <O.OOI) for the diaphragm and heart. experiments were undertaken to determine whether or not insulin would cause a rise in the free glucose content of muscle in alloxan diabetes. In this condition the uptake and/or utilization of glucose by muscle is known to be inhibited. Forty-eight to seventy-two hours after alloxan administration, rats were matched as closely as possible according to their blood sugars and grouped in pairs. The animal with the higher blood sugar in each pair was used for insulin injection. The fasting blood sugars of the control animals ranged from 214-1 IOO mg %, as shown in table 3. In the control series, the ratios of tissue to serum glucose concentrations averaged 0.09 for the diaphragm, 0.24 for the heart, and 0.16 for the gastrocnemius. These values were not significantly different from the earlier, noninsulinized series. With insulin administration the ratios were approximately tripled for the diaphragm and doubled for the heart. No effect of the hormone was seen in the gastrocnemius.
Effect of Insulin on the Free Galactose Content of Muscle and Brain in Eviscerated Rats. This series of experiments was undertaken to determine whether or not insulin would increase the free galactose content of muscle when rats were infused with this sugar. The insulin effect in the gastrocnemius was of particular interest in view of the small effect observed with glucose. It appeared possible, furthermore, to determine whether insulin would affect the free galactose content of the brain. Galactose, in contrast to glucose, is phosphorylated at a very slow rate, if at all, by the hexokinase of brain (IO).
In the first experiments, shown in the upper panel of table 4, eviscerated rats were infused with galactose for a period of 25 minutes. The administration of insulin led to a considerable fall in the concentration of this sugar in the blood, as had been found by Levine and associates (4) in the eviscerated dog. The faster disappearance of galactose from the blood in our experiments was associated with a rise in the have been increased rather than reduced since galactose concentration of the muscles but not the overall utilization of glucose by the animal of the brain. As a result, the muscle to blood was greatly accelerated, as is characteristic of serum galactose ratios were increased three-to insulin administration. Stimulation of glucose four-fold by insulin. The ratio was not affected production was improbable, as discussed in the in the brain. previous paper (3), since muscle tissue is When the period of galactose infusion was deficient in a phosphatase releasing free extended to 135 minutes the concentration glucose. Furthermore, the earlier studies (3) ratios for all the tissues were appreciably in-with the isolated rat diaphragm, using C14-creased in both the presence and absence of labeled glucose, gave no indication that insulin insulin. The values for the diaphragm *and heart affected glucose production. It would appear, were now very similar to those observed with therefore, that the action of the hormone in glucose infusion. The effect of insulin, however, these experiments was to accelerate the transon the concentration ratio for galactose in the fer of glucose into the tissue. The increase in gastrocnemius was more pronounced than was free galactose of muscle in the presence of seen with glucose. In the brain, high conceninsulin could also be best explained by accelertration ratios for galactose were found in the ation of transfer, since galactose is neither presence or absence of the hormone. phosphorylated nor produced by muscle cells.
DISCUSSION
The possible sites in the tissue at which insulin could affect the rate of transfer appear to be at the capillary and the cell walls. A major effect of the hormone on the capillary, how-
The present experiments show that insulin may cause a large increase in the free glucose content of muscle. This observation could be explained by one or more of the following actions of the hormone in the tissue: a> inhibition of glucose phosphorylation, b) stimulation of glucose production, and/or c) acceleration of glucose transfer from the blood stream into the tissue. The first two possibilities appear most unlikely on the following grounds. Phosphorylation in the present experiments must ever, seems unlikely. The studies of Levine and associates (5, 6 ) and Wick and Drury (II, 12) show that certain sugars including glucose are rapidly distributed throughout the extracellular water in the absence of insulin. There would appear, therefore, to be no major barrier to glucose penetration until the cell wall is reached. In addition, the effects of insulin on glucose utilization and the accumu-lation of free glucose or galactose can be demonstrated in in vitro systems such as the rat diaphragm (13, 3) and the lens of the eye (14) where capillary permeability plays no role.
From the above considerations, the insulin effect on transfer is apparently due to accelerated transport through the cell wall in muscle. In confirmation of this view, the increase in free glucose or galactose in the presence of insulin is largely in the intracellular water of the tissue. The concentrations of free glucose or galactose found in the insulinized muscle (tables I and 4) are so high that, if the sugar were confined exclusively to the extracellular water, the concentrations in the interstitial fluid would be 1.5-4 times above the serum concentration.3 This would contradict the well established principle that small molecules pass between the capillaries and interstitial fluid largely by a process of diffusion. It is therefore more reasonable to suppose that a large fraction of the free sugar is intracellular. In the absence of insulin, on the other hand, the concentration of glucose in muscle is very low. If the sugar were exclusively extracellular the interstitial concentration would still be appreciably lower than the serum concentration. This is reasonable in view of the fact that a gradient for glucose diffusion must exist between the capillaries and the cell wall. The content of free glucose or galactose in the noninsulinized muscle is so low, in fact, as to preclude any significant amount of free sugar inside the cell.
The mechanism of glucose transport into cells is not known. The studies of LeFevre (18, IS), Ross (20, 21) , Widdas (22, 23) ,  Wick and Drury (24) and'ourselves (25, 26) suggest that the trsinsport is not a process of simple diffusion. The present study shows that transport is distinct from a hexokinase reaction since the product of transport is free glucose and not glucose phosphate. In the absence of insulin, transport is apparently the rate limiting step for glucose utilization. This is indicated by the very low level of intracel-3 For this calculation the extracellular water of diaphragm and heart has been considered to be 157~ of the total tissue water (15) (16) (17) . The extracellular water of the heart is known to be higher and is approximately 26% of the total tissue water (q-17).
lular free glucose which limits the sqdy of substrate for subsequent enzymatic steps: With full insulinization, when glucose becomes abundantly available within the muscle cell, the glucokinase reaction may become the rate limiting step for glucose utilization. Krahl and Cori (27) proposed earlier that the reduced uptake of glucose by alloxan diabetic muscle was due to inhibition of the hexokinase system. Such an inhibition, however, should result in the accumulation of intracellular free glucose since the transport of glucose into the cell would not be affected. The concentrations of glucose, however, in diabetic muscle (table 3) at any given blood glucose concentration are about the same as in the muscle of the eviscerated animals, indicating that little or no intracellular glucose is present. It would appear more likely, therefore, that the reduced uptake is due to inhibition of the transport process. Insulin can relieve this inhibition as shown by the rise in intracellular free glucose. If insulin and the inhibitory factors of alloxan diabetes act exclusively on transport through the cell membrane, rather than the hexokinase system, it would explain why efforts to demonstrate insulin effects in extracts of diabetic muscle have given conflicting results (28) (29) (30) .
The present studies suggest a partial explanation for the well known fact that insulin does not stimulate glucose utilization by the brain (31). Galactose, which is sensitive to insulin action in muscle, apparently enters the brain equally rapidly in the presence or absence of the hormone. By analogy, insulin may not accelerate the entrance of glucose. We have not been able to demonstrate intracellular glucose in brain despite the fact that uptake of this sugar is rapid (31). It is possible that the relatively high activity of hexokinase in the brain (32) keeps pace with the entrance of the sugar.
In the gastrocnemius, the effect of insulin on the distribution of galactose is readily seen, but the effect on glucose distribution is small or absent. It seems unlikely that the hormone has qualitatively different actions on these sugars in this muscle. It appears more likely that the relatively poor circulation and absence of muscular movement in the gastrocnemius limit the supply of glucose to the cells. The rate INSULIN EFFECT ON of glucose transport, therefore, cannot reach a high enough level to exceed the phosphorylating capacity of the hexokinase system and free glucose does not accumulate (3). Support for this view is obtained in the observation that the transport of galactose into the gastrocnemius is appreciably slower than into the diaphragm or heart (table 4). This situation ma.y hold in the bulk of the muscle tissue and could explain the failure to observe an intracellular distribution of glucose in the tissue water of insulinized whole animals (I I, 33).
Ross (2 I) has demonstrated an acceleration of glucose transfer into the aqueous humor due to insulin. The transfer was depressed in alloxan diabetes. He suggested that these changes were due to hormonal effects on hexokinase and that free glucose was liberated subsequently by a phosphatase. The participation of these enzymes, however, in the transfer process was not shown. It would seem more likely that Ross observed an effect of insulin on a transport process which is distinct from the hexokinase reaction as discussed in the present studies.
SUMMARY
Normal, eviscerated and alloxan diabetic rats received glucose by continuous intravenous infusion with or without added insulin. In all cases insulin caused a marked rise in the free glucose content of the diaphragm and heart. In similar experiments, eviscerated rats were infused with galactose. Insulin caused a marked rise in the free galactose content of diaphragm, heart and gastrocnemius. In muscle, glucose and galactose were extracellular in the absence of insulin, but were largely intracellular in the presence of insulin. In brain, free intracellular galactose was found in equally large amounts in the presence or absence of insulin. These findings have been interpreted as follows: a) transport of glucose across the cell membrane is the rate limiting step for glucose uptake (and utilization) by muscle. b) The transport of glucose and galactose is accelerated by insulin. G) The transport is inhibited in alloxan diabetic muscle and can be accelerated by insulin. d) The transport process in muscle is prior to and distinct from the hexokinase reaction. e) The transport of galactose, and probably glucose, into the cells of brain tissue is not accelerated by insulin. 
